ABSTRACT
. Schematic representation of the fault architecture and permeability distribution in a 107 sequence of alternating aquifers and clay-rich formations. The core of the fault is of low 108 permeability due to reduced grain size and porosity as a result of friction. Rocks become 109 damaged on both sides of the fault core, but the geomechanical response of stiff aquifers and 110 ductile clay-rich formations are significantly different. While aquifers tend to fracture, 111 enhancing permeability, clay-rich formations are more ductile and instead of fracturing undergo 112 localized deformation that decreases permeability. 113
114
On the other hand, the higher permeability of the damaged zone in the aquifer does not 115 have continuity in the vertical direction. Actually, the vertical permeability of the damaged 116 zone in the caprock is orders of magnitude lower than in the aquifer due to particle breakage 117 that occurs in zones of localized shear slip in ductile clay-rich formations (Takahashi, 2003;  transmissivity is smaller than the across fault transmissivity in minor faults. As a result, 120 pressure cannot be significantly released due to fluid flow along the fault in the vertical 121 direction (Tillner et al., 2016) . In view of the fault architecture and permeability distribution, 122 we conjecture that faults can be detected by monitoring fluid pressure and detecting 123 deviations from the overpressure evolution that would correspond to an aquifer without faults.
124
The analysis of fluid pressure evolution together with the derivative of the fluid pressure 125 with respect to the logarithm of time, known as diagnostic plots (Bourdet et al., 1983) , is often 126 used in well-test analysis to detect aquifer heterogeneities (Gringarten, 2006 ; Hosseinpour- identified with the aforementioned analysis (e.g., Wheatcraft and Winterberg, 1985; Butler, 130 1988; Butler and Liu, 1991; 1993) . Such heterogeneities are only detectable for a limited time.
131
Afterwards, the fluid pressure evolution coincides with the evolution in a homogeneous In presence of sealing faults, application of superposition principle in terms of image well 143 technique results in zero-slope pressure derivative that has been widely used for locating 144 7 faults (Horner, 1951) . However, the image method fails when the fault is not a full barrier to 145 flow, which is generally the case. Therefore, a general approach to fault characterization 146 requires accounting for fault transmissivity. Such consideration involves solving the 147 diffusivity equations coupled at the fault over the x-y plane. Analytical approaches to solve 148 the coupled equations were developed in the literature using different techniques, including 149 integral transforms (Bixel et al., 1963; Yaxley, 1987 , Ambastha et al., 1989 ), Green's function 150 (Raghavan, 2010) , and wave transform (Oliver, 1994) . These analytical solutions were casted 151 in the form of diagnostic plots for characterization of faults.
152
The use of diagnostic plots has also been extended to two-phase flow of gas or oil and 153 water, but neglecting gravity effects (Perrine, 1956; Martin, 1959; Raghavan, 1976; Kamal 154 and Pan, 2011). However, carbon dioxide (CO2) is buoyant and thus, gravity effects should be 155 included in diagnostic plots analysis. Also, two-phase flow models are highly dependent on 156 the choice of the relative permeability curves, which may introduce significant uncertainty in 157 the analysis. Unlike, those models, the two-phase CO2-brine system in this work is 158 approximated by an equivalent single-phase model to simplify the pressure analysis.
159
Furthermore, previous methodologies were not focusing on providing the required 160 information to pressure management in order to anticipate potential felt induced seismicity.
161
The aim of this study is to present a methodology based on the monitoring of the pressure 162 buildup using diagnostic plots to detect and locate faults and thus provide predictive 163 capability to apply the necessary mitigation measures to avoid inducing felt seismic events.
164
First, we briefly explain diagnostic plots and describe the concept for detecting and locating 165 faults using fluid pressure evolution measurements and its derivative. Next, we apply the 166 proposed methodology to a particular case, consisting of an aquifer in which either water or 167 CO2 is injected through a horizontal well. Finally, we illustrate the applicability of the existing tendency. The aim of using these plots here is to identify whether pressure at an 180 observation well diverges from the expected evolution of an aquifer that includes the already 181 identified heterogeneities and if they diverge, to determine the divergence time (see Equation
182
(2) for the definition of divergence time).
183
The disturbance caused by a fault can be slight and hardly identifiable by looking only at 184 the fluid pressure evolution. To improve fault detection, the logarithmic derivative of the 185 pressure change is used to determine the divergence time because it is more sensitive to 186 tendency changes (Renard et al., 2009 ). Taking the derivative of the pressure retains only the 187 time-dependent coefficients in the corresponding fluid flow models and therefore, it is more 188 sensitive to the time at which a deviation from an expected behavior occurs. As a result, the 189 logarithmic derivative in the presence of a fault diverges from that corresponding to an 190 aquifer without the fault earlier than fluid pressure evolution (Figure 2 overpressure occurs and thus, we will refer to overpressure in the remaining of the paper.
203
Nevertheless, if fluid were pumped, the same procedure would apply to drawdown. 
The concept for reducing the risk of induced seismicity

211
To reduce the risk of inducing felt seismic events, we propose using diagnostic plots to 212 identify the presence and estimate the location of low-permeability faults. By plotting in the 213 same diagnostic plot the curves corresponding to an aquifer containing a fault and the same 214 aquifer but without the fault, the resulting curves will diverge at a certain moment. Note that 215 site characterization should be performed previously to the beginning of injection to have an 
229
The methodology that we define to detect and locate low-permeability faults is 230 summarized in Figure 3 . First, a well test should be performed to characterize the hydraulic The fluid pressure evolution measured in the field and its derivative will be compared 243 against the expected evolution calculated with the numerical model of the site including 244 previously identified heterogeneities. If a deviation in the overpressure derivative larger than a 245 certain threshold occurs (recall Equation (2)), the divergence time will be determined. Then, 246 the location of the low-permeability fault can be estimated from the divergence time. The 247 number of observation wells that will be present in fluid injection operations in deep saline 248 formations will certainly be limited due to the high cost of perforating wells at such depths. In 249 general, two observation wells, in addition to the injection well, should be enough to 250 determine the location of a fault. Nevertheless, the larger the number of observation wells, the 251 higher the reliability of the location and orientation of the fault.
252
Once a fault has been detected and located, it should be incorporated in the numerical 253 model. Next, the permeability of the fault will be calibrated to reproduce the fluid pressure 254 measurements. This calibration should be performed rapidly because a new prediction of the 255 overpressure evolution taking into account the detected low-permeability fault has to be done.
256
This updated prediction of the overpressure evolution should be used to evaluate fault stability 257 analysis (using the stress state, which should be measured prior to injection, together with the 
298
The momentum conservation is expressed using Darcy's law, which reads The head change can be calculated for a homogeneous aquifer using Equation (6). heterogeneities.
331
To estimate the distance from the fault to the observation well where the divergence has 332 been identified, we first back-calculate at several observation wells the resulting value of at 333 which divergence in the derivative of overpressure occurs, i.e., = , where is a non-334
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Once the distance is determined, the distance from the observation well to the fault can 338 be easily calculated as To locate the fault, at least two observation wells are needed (one if pressure is also 346 monitored at the injection well). With the two calculated distances a simple triangulation 347 gives the location of the fault. It should be kept in mind that the divergence time of the 348 observation well that is located closer to the fault will be smaller. In this study, the fault strike 349 is assumed known from independent data sources. In the more general case where the fault 350 orientation is unknown, at least two observation wells contained in different sections 351 perpendicular to the well would be needed. of a low-permeability fault starts to be observable if the permeability of the fault is at least 3 462 orders of magnitude lower than that of the aquifer. 463
464
As for the divergence time, it is the same in all cases. Thus, a low-permeability fault can 465 be accurately located regardless of its permeability if the permeability contrast is enough to 466 create a deviation from the case without the fault, i.e., higher than 3 orders of magnitude. In 23 what follows, we use in our numerical simulations a fault permeability that is 4 orders of 468 magnitude lower than that of the aquifer, which is the minimum permeability contrast that 469 yields an additional pressure buildup that might jeopardize fault stability. Once the divergence time is determined at an observation well, since we know the 486 distance travelled by the pressure perturbation front up to the fault and back to the observation 487 well, we can back-calculate the value of either from Equations (7) or (10) in dimensional or 488 dimensionless form, respectively. has the same with respect to the faults F1 and F2 (recall Figure 7) , i.e., an observation well 504 placed at = −50, the overpressure evolution, and thus its derivative, are identical when 505 either F1 or F2 are active. Therefore, just by observing at one observation well, the position of 506 the fault cannot be determined and a second observation well is necessary to locate the fault. dimensionless divergence time for a -value equal to 2.25. The measurements made using the 519 numerical models in the observation wells included in Table 2 are also shown, together with the 520 power law that best fits these numerical measurements. 521 The effect of the detected low-permeability fault is noted at the other observation well, 549 i.e., the one placed at the dimensionless x-coordinate of -40, at a dimensionless time of 4278 550 (Figure 12a ). This value can be used to reduce the uncertainty on the location of the already 551 detected fault. The dimensionless distance from the injection well to the fault and back to the 552 observation well is of 147 and 142 if it is calculated using Equation (10) or the regression 553 shown in Figure 11 , respectively. The actual distance is of 140, so the fault is slightly closer 554 to the injection well than the distance predicted using the proposed methodology.
555
Nevertheless, for detecting and locating fault F2, we use the location of F1 shown in Figure 7 . (Figure 12b) , which corresponds to a dimensionless distance of 239 and 246 if it is 565 calculated using Equation (10) or the regression shown in Figure 11 , respectively. Again, the 566 estimated distance to the fault is very similar to the actual distance, which is of 240. This 567 process would be repeated to detect and locate more low-permeability faults that could 568 intersect the aquifer. As in the case of water injection, we measure the divergence time at several observation 631 wells to determine the -value that best predicts the position of the fault. Table 3 contains the   632   same information as Table 2 , but for CO2 injection. A similar -value, but slightly lower than 633 for water injection is obtained. This lower value implies that for a given distance, the 634 divergence time occurs later when CO2 is injected. This delay in divergence is due to the 635 higher compressibility of CO2 with respect to water, which causes an increase in the storage 636 coefficient inside the CO2 plume and thus yields a retardation of the overpressure 637 propagation. The position of a low-permeability fault, using a dimensionless threshold of 3.3,
638
can be estimated with either Equation (10) using a -value of 2.15, or with the power law 639 indicated in Figure 16 , which is similar to that for water injection (recall Figure 11) . as a function of the dimensionless divergence time for a -value equal to 2.15. The 643 measurements made using the numerical models in the observation wells included in Table 3 are 644 also shown, together with the power law that best fits these numerical measurements. with significant anticipation compared to the divergence time in the overpressure evolution.
661
The shape of both overpressure and overpressure derivative should be analyzed to ensure that 662 the divergence effectively corresponds to a low-permeability fault and not to another feature
663
(see, e.g., Renard et al., 2009 ).
664
The proposed fault detection methodology to minimize the risk of inducing seismicity has 665 a wide range of applications, including wastewater disposal, geothermal energy, seasonal 666 natural gas storage, underground compressed air energy storage, and geologic carbon storage.
667
Though analytical solutions to estimate overpressure evolution in a homogeneous aquifers are 668 more developed for water injection than for gas injection, several analytical solutions for two- (gravity to viscous forces) (Vilarrasa et al., 2010) , so this number should be evaluated to 676 decide which solution is more appropriate in each case.
677
To illustrate the applicability of the proposed methodology, we have considered an infinite 678 horizontal aquifer in which fluid is injected through a horizontal well and one or two low- Figure 12) . Though the estimation of the fault location has some uncertainty,
692
the proposed methodology gives a good estimate of the position of faults. Thus, despite the 693 apparent simplicity of the methodology to detect and locate low-permeability faults, this 694 application example that detects and locates two faults highlights the potential to apply the 695 methodology to other geological settings and geometrical configurations.
696
We have assumed in our application that both the caprock and baserock are impermeable.
697
However, these low-permeability formations may have a non-negligible permeability at the 698 field scale due to the presence of fractures that may enhance matrix permeability up to three 699 orders of magnitude (Neuzil, 1986 ). Thus, overpressure will be released in the aquifer, which 700 is beneficial for the geomechanical stability of faults (Vilarrasa and Carrera, 2015) .
701
Overpressure may also be reduced due to hydromechanical couplings through which fractures 702 are opened up due to a decrease of the normal effective stress acting on the fault plane, thus 703 increasing permeability (Rutqvist, 2015) . Permeability may also be enhanced if shear slip between permeability and porosity, which works well for sandstones (Doyen, 1988) .
710
Nevertheless, for the range of overpressures induced in our simulations, i.e., several MPa, the 711 effect of deformation on pressure evolution was negligible, so we deemed not necessary to
712
include it in all the simulations.
713
Once a fault is detected, mitigation measures should be carried out to avoid excessive 
CONCLUSIONS
747
We propose a methodology to detect and locate low-permeability faults, so that the risk of Thus, the hydraulic signature of a low-permeability fault can be identified much earlier than 
